Overlapped strips of titanium grade 2 and aluminum 3105-O alloy were welded together by an innovative spot-like pulse laser procedure. The tactile seam tracking on ring paths yielded reliable weld fit-up of 1 and 0.5 mm thickness strips. Since the welding parameters of Ti-Al were narrow, three welding speeds of 4, 5 and 6.67 mm·s -1 were chosen for the pretest conditions. The microstructural investigations showed that intermetallic compound Ti 3 Al, formed in Ti-rich fusion zone. Cracks formed in the Al-rich fusion zone as a result of TiAl 3 precipitation. Dimple fracture occurred at 6.67 mm·s -1 welding speed. Longer mixing time at Ti-Al interface occurred at lower welding speeds of 4 and 5 mm·s -1 , which led to the formation of thicker intermetallic compounds and more massive crack generation. It also increases the hardness of the fusion zone and results in brittle fracture type during the tensile test. The highest strength was achieved with a welding speed of 4 mm·s -1 which was a result of more massive weld nugget and lower porosity.
Laser welding of alloys provides many advantages over conventional techniques such as great precision, super speed, great flexibility, high quality and low distortion [12] [13] [14] [15] [16] [17] [18] [19] [20] . Majumdar et al. [9] have concluded that obtaining Al contents below 20 atom% in the Al-Ti mixing zone and crack free weld via the combination of any process parameters during Carbon Dioxide (CO 2 ) laser welding of Ti-6Al-4V and AlMg0.9Si is impossible. They have observed that sandwiching of Nb plate between Ti and Al sheets, keeps 11 atom% Al in the FZ and formation of TiNb solid solution with a crack-free joint.
Chen et al. [18] have reported that the formation of IMCs inside Ti weld can be suppressed by lowering the laser power or decreasing the welding speed during CO 2 laser welding in overlap titanium-on-aluminum configuration. Kreimeyer et al. [19] have reported that the thickness of IMCs mainly depends on the energy input per unit length. They obtained IMC thicknesses less than 2 μm in CO 2 laser welding where crack propagation from the Al HAZ towards IMCs resulted in ductile fracture of the weld. Tomashchuka et al. [20] studied the effect of beam energy and beam offset on the weld morphology, microstructure, and mechanical properties. They observed the formation of a wide contact interface (90-300 μm) rich in Al 3 Ti phase when the laser beam is located at the center or formation. They observed the increase of fatigue crack propagation with the cooling rate which resulted in complete transgranular fracture of FZ next to the weld interface. From their results, one could conclude that grooving is more helpful than making a chamfer.
In the present study, a tactile seam tracking system is designed for pulse welding of titanium grade 2 to aluminum 3105-O alloy by a high-energy laser instrument. Increase the length of joining of very dissimilar material (Ti-Al) at the interface, via utilizing a ring weld path, assist the achievement of sufficient joint strength and results in efficient usage of the limited area allowable for welding maneuver. Effect of welding speed on microstructure and mechanical properties of the joint is discussed in the paper.
Materials and Methods
Commercial sheets of Ti (G2) and 3105-O Al were used for welding tests. The chemical composition of the materials was analyzed by using atomic absorption instrument GBC, model: Avanta PM, Australia. A SANTAM model STM-20, Universal Testing Machine was used to determine the base metal sheet mechanical properties according to the standard ASTM-E8, sub-size tensile specimen (Figure 1 ) by taking the average of three tests. The exact grade of the materials has been confirmed by comparing the experimentally determined chemical composition and mechanical properties with the standards Ref. [25] . Chemical compositions and properties of the materials used are given in Tables 1, 2 For tension tests, the cross-head speed of SANTAM testing machine was 5 mm.min -1 . Three measurements were done for each data point. After welding, the samples were wire-cut from near the welding zone. Grinding with abrasive silicon carbide papers of 600, 800, 1200, 2000 and 3000 grain.in -2 and subsequent polishing of the samples with 3 different grain sizes of wet alumina powder on felt wheels were performed. 
Results and Discussion
Seam welding procedure of ring path performed with pulse lasering spot-method provided the premium solution to the problem of high-quality Ti-Al joint achievement. Applying conventional laser welding with all combinations of pulse duration and peak power, whether single or multi-pulse and at the same or different positions did not give enough strength in the welded couple so that the sample could not withstand the pull-out force for its removal from the clamping device. However, overlapping pulses of ring path resulted in a shear strength of around 10 MPa which depended on the welding speed.
Due to its significant effect on the amount of heat input and the interaction period between the heat source (laser beam) and the weld metal, variation of welding speed had more significant effect on the bead depth than its width [26, 27] . The welding speed has thus a significant effect on the strength of the weld. Another essential factor of seam welding was pulse overlapping, which strongly affected the weld quality by efficient heating and continuous penetration of the substances. The variation of the welding speed affected pulse overlapping and uniform pool formation. Based on pretest experiments, the welding parameters chosen for the work were as listed in Table 4 . Overlapping factor (O f ) is defined as [28] :
Weld Appearance
Where V is the welding speed, f is laser frequency, T is pulse duration, and S refers to the laser spot size on work-piece that was 0.8 mm throughout our tests. Figure 5 depicts the effect of laser beam overlapping on surface area and keyhole depth. It can be seen that at the welding speed of 6.67 mm.s -1 (60% overlapping), the distance between the keyhole roots is longer than the other welds being inversely proportional to the overlapping factor Q f .
By insertion of the test values, i.e., pulse frequency = 20 Hz, T= 6 ms and S = 0.8 mm into
Eq. 1, the respective O f factor became 60, 70 and 76 % for our welding speeds of 6.67, 5 and 4 mm.s Experimental results show that a welding speed of 4 mm.s -1 (76% overlapping) results in a deeper penetration(342 µm) than the higher welding speed of 6.67 mm.s -1 (60% overlapping) (184 µm). This is due to the input of a stronger focal energy at the lower speed which is in agreement with the mechanism described by the previous authors [18, 33] . In last pulse region (end spot of the ring welding path), there are three pulses which collide to the same place before the laser power-supply turns off and the moving head wholly stops. A big circular dip forms at this position at all three speeds, as seen in Figure 3 .
Because of higher energy absorption and penetration continuity, overlapping has a powerful influence on the welding efficiency, as indicated by previous researchers [34] . Figure 6 shows the shape of the fused area at the bottom of the Ti strip for different overlapping pulses (O f ) of (a) 76, (b) 70 and (c) 60%. Incomplete fusion appears in some zones of the strip with 60 % overlapping occurrence. The porosities that form in the 60 % O f sample do not allow energy response for the formation of a continuous complete weld. Multiple pulses of higher overlapping at lower welding speed can improve the joint, as is understandable from Figure 6 a and c. Porosity decrease due to the lowering of the welding speed indicates higher heat input rate which induces an upward flow of the melt to give a chance to the gas bubbles to ascend through the molten pool for their eventual egress, as observed in Figure 6 . This mechanism seems to prove a narrow window for the influence of the welding parameters. Figure 7 presents images of the cross Sections 1, 2 and 3 of the weld zone (labeled in Figure   3 ). This figure shows that penetration depth (for the ordinary overlapped pulses) increases with lowering of the welding speed. This increase is due to the higher energy input that leads to a deeper melt pool which agrees well with results of a previous investigation [18] . Figure 7 shows small porosities near fusion boundaries. These porosities attribute to gases which are soluble in the liquid melt but insoluble in the solid phase. High solidification rate of the molten pool does not allow the entrapped gases to escape. Initial sources of gas are interfacial and shielding moisture. Effects of both regular and last pulses on the geometry of the weld bead are seen in Figure 7 . Due to the extensive energy input of the last three pulses, broader and deeper weld pool forms at the final stage of our circular welding process. [24] and low ductility of TiAl 3 , the high thermal gradient existing across the connection between the fusion zone and the Al re-solidified alloy can lead to high residual stress near the connection. Since TiAl 3 cannot bear this thermal shock, cracks form in the connection region of the welded samples [9] . Figure 10 shows microstructure of zone A of Figure 7a and its adjacent regions. Figure 10a shows a high magnification SEM image of zone A. . This compound is very brittle and unable to withstand the generated thermal shock and thus cracks, as observed in Figure 11 b.
Weld Microstructure

Point Scan Pattern
Mechanical Behavior
Mechanical properties of the joint are defined in terms of both tensile or shear strengths and microhardness. Table 6 represents the shear force and length extension of the samples at various welding speeds.
Shear Strength of the Joint
Upshot effect of the laser pulses shows 60 % overlap at 6.67 mm.s (average of three measurements) besides lower porosity levels of sample 3 gives the higher value of 264 N shear force with longer extension during the tensile test (see Table 6 , Figure 6a ).
The joint strength in lap joint design mainly depends on the melted area of the connection and the strength of the welded sheets [35, 36] . Dividing the shear force (264 N) by surface area (3.77mm 2 )
gives the shear stress at the interface. The result is 70 MPa shear stress. Figure 14 compares the values of (1) joint shear stress at the welding speed of 4 mm.s -1 (76 % pulses overlap), (2) aluminum base-metal shear stress and (3) aluminum base-metal tensile stress. In dissimilar metals joint, it is more logical to compare the value of the shear stress of the joint (70MPa) with the shear stress of the lower strength base-metal, i.e., aluminum (82MPa). Joint shear strength as much as 85 % with respect to the base-metal is thus obtained.
Microhardness of the Joint
Vickers microhardness numbers (average of three measurements) of locations BM, HAZ, and FZ of the welded samples are marked in Figure 15 . In the Ti side, the microhardness increases from
Ti HAZ towards the FZ region. A drastic difference between Ti BM (125 HV) with the Ti FZ (317 HV) is also observed. Acicular α-martensite which forms due to thermal-cycling by the laser heat and next quench seems responsible for this difference, as also stated in [12] . The hardening effect In the aluminum side of the connection, there is an increase in microhardness values from Al HAZ towards FZ region. The hardness of aluminum at FZ is higher than at Al BM.
The higher hardness is because of higher grain growth and coarsening at lower cooling rates of Al BM as compared to the Al at FZ. The resulted increase in hardness of the Al at FZ as compared to the corresponding Al at BM (45HV) is thus logically due to the grain refinement which results from the high cooling rate of the laser-welded region.
Conclusions
Nd: YAG pulsed laser welding of dissimilar 1 mm thick titanium grade 2 strip and 0.5 mm thick aluminum 3105-O alloy belt showed that:
1. The specific spot welding procedure carried out during the present work was an efficient method for making a joint of very different materials, such as Ti-Al joint over the limited area allowable for welding. 
Intermetallic compounds (IMCs) Ti
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